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Abstract: Radio relics are arc-like synchrotron sources at the periphery of galaxy clusters, produced
by cosmic-ray electrons in a µG magnetic field, which are believed to have been (re-)accelerated
by merger shock fronts. However, not all relics appear at the same location as shocks as seen in
the X-ray. In a previous work, we suggested that the shape of some relics may result from the
pre-existing spatial distribution of cosmic-ray electrons, and tested this hypothesis using simulations
by launching AGN jets into a cluster atmosphere with sloshing gas motions generated by a previous
merger event. We showed that these motions could transport the cosmic ray-enriched material
of the AGN bubbles to large radii and stretch it in a tangential direction, producing a filamentary
shape resembling a radio relic. In this work, we improve our physical description for the cosmic
rays by modeling them as a separate fluid which undergoes diffusion and Alfvén losses. We find
that, including this additional cosmic ray physics significantly diminishes the appearance of these
filamentary features, showing that our original hypothesis is sensitive to the modeling of cosmic ray
physics in the intracluster medium.

Keywords: galaxy clusters; extragalactic radio sources; cosmic rays; magnetohydrodynamical simulations

1. Introduction

In galaxy cluster mergers, the kinetic energy of the clusters’ hot plasma (the intracluster
medium, ICM) is dissipated via shock waves and turbulence into heat, the amplification of
magnetic fields, and acceleration of cosmic rays (CRs). CR electrons (CRe) with γ ∼ 103–104

are observed in clusters via synchrotron radio emission in the ∼µG magnetic field of
clusters. The brightest sources are the radio lobes associated with active galactic nuclei
(AGN), produced by jets from black holes (BHs).

However, many clusters have other radio sources which are more diffuse and are not
directly associated with an AGN. These sources generally fall into two categories: radio
halos and radio relics [1]. Radio halos are volume-filling, unpolarized, and diffuse, and can
either be “giant” or “mini” radio halos, the former occurring in clusters with major mergers
and the latter seen in the cool cores of relaxed clusters. Radio halos are thought to arise
from the reacceleration of CRe with γ ∼ 102 by merger-driven turbulence [2–4], but radio
mini-halos may originate via turbulence [5] or hadronic interactions between cosmic ray
protons (CRp) and the thermal population, producing secondary CRe which emit in the
radio [6–8]. Radio relics (or “radio gischts” [9], “radio shocks” [1]) are typically found in
the outskirts of clusters, are elongated, and strongly polarized. These narrow radio arcs are
usually concentric with the cluster X-ray emission and sometimes have counterparts on
the opposite side of the cluster.

Originally, it was assumed that these latter features mark the location of shock fronts
propagating in the ICM which accelerate ICM electrons to ultrarelativistic energies via a
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first-order Fermi process, which would then cool rapidly and produce narrow (∼100 kpc)
radio features. It has been shown that this scenario implies an implausibly high acceler-
ation efficiency for the low-Mach (M . 3) cluster merger shocks (e.g., [10]). It is more
likely that shocks re-accelerate long-lived CRe with lower γ ∼ 102 from past acceleration
events [11–14]. Aside from this, not all radio relics exhibit ICM shocks in the X-ray at their
front edges, as expected in a simple re-acceleration picture, the best example of this being
the most prominent and well-studied CIZA J2242.8+5301 Sausage relic [15–17].

In a previous work ([18], hereafter Z21), we explored the alternative possibility that
radio relics, such as the Sausage, trace the nonuniform distribution of the seed CRe rather
than the ICM shocks. Assuming the distribution of CRe originates from injections by AGN
from the cluster center and other galaxies, which are subsequently transported throughout
the cluster by gas motions, we may expect that those regions have sharp boundaries and
shapes as long arched filaments or sheets concentric with the cluster, and that the magnetic
fields within those regions are stretched along the filaments. A shock passage across
such a region would create a radio relic with all the observed relic properties. We may
catch the shock front while it crosses such a region, creating a radio relic at the shock
position. When the shock moves out (but not too far, in order to satisfy the electron cooling
timescale constraint), the relic “front edge” would delineate the sharp boundary of the
polluted region.

In Z21, we tested this hypothesis using magnetohydrodynamic (MHD) simulations
of AGN feedback in clusters which have had their ICM stirred by recent merging activity.
In these simulations, the central BH fires jets into the cluster core, producing highly
magnetized buoyant bubbles, which then rise. As they rise, the material from the bubbles
is advected by the merger-driven gas motions, and eventually this material is mixed with
the ICM. We were able to track the evolution of the material from the bubbles by following
a passive tracer injected with the jet and advected with the gas. We showed that in some
cases, the gas motions can be fast and widespread enough to advect the bubble material
from the cluster core to very large radii, and produce large, elongated (∼1 Mpc), cluster-
centric CR-enriched regions that resemble radio relics. We also showed that in these regions,
magnetic fields are naturally stretched tangentially along the filaments, helping to explain
the large degree of polarization in relics.

In Z21, the physics of the injected jet material was very simplified–the same kind
of magnetized, thermal plasma as the ICM itself. The “cosmic rays” in the simulations
were marked by a passive scalar injected by the jet, which is subsequently advected by
gas motions. However, the physics of the CRs which are injected into ICM by jets is more
complicated than this in reality. These CRs are unstable to the streaming instability [19]
and resonantly excite Alfvén waves, on which they subsequently scatter and transfer their
energy into heat. Depending on the prevailing damping process of these Alfvén waves, CRs
can either stream (if damping is weak), diffuse (if damping is strong), or are transported by
a combination of both processes along the direction of the local magnetic field [20].

In this work, we implement this additional CR physics in one of the simulations from
Z21, to determine if our previous results regarding the formation of relic-like CRe features
are affected.

2. Methods

The simulations we perform consist of (1) an idealized binary merger between two
clusters with a high mass ratio, in which a small subcluster perturbs the center of a large,
cool-core cluster, initiating sloshing motions and turbulence, followed by (2) the injection
of AGN jets from a central BH. Since most of the details of the simulations have been
discussed in Z21, we will only briefly outline them here, and devote more discussion to the
additional physics added in this work.

We perform our simulations using the AREPO code [21], which employs a finite-volume
Godunov method on an unstructured moving Voronoi mesh to evolve the equations of
magnetohydrodynamics (MHD), and a Tree-PM solver to compute the self-gravity from
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gas and dark matter. The magnetic fields are evolved on the moving mesh using the
Powell 8-wave scheme with divergence cleaning employed in [22] and in the IllustrisTNG
simulations [23]. These simulations also include dark matter particles, which make up the
bulk of the cluster’s mass and only interact with each other and the gas via gravity.

2.1. Merger Simulations

The idealized binary merger simulation consists of a large, “main” cluster with a
total mass of M ∼ 1015 M�, and a smaller infalling subcluster five times less massive.
The main cluster includes DM and hot plasma, where the fraction of gas mass to dark
matter mass is 0.12. The subcluster is DM-only (perhaps stripped of its gas on a previous
cluster passage). The initial conditions in the simulation explored here are the same as in
previous works ([24–28] and Z21), and produce spiral-shaped cold fronts in an otherwise
relatively relaxed cluster very similar to those observed in X-ray observations. In Z21, this
simulation also produced thin strips of bubble material which closely resembled radio
relics more than the “Merger2” simulation from that work.

The plasma is modeled as a magnetized, fully ionized ideal fluid with γ = 5/3 and
mean molecular weight µ = 0.6. For the magnetic field in the simulation, we follow the
procedure from [29] and references therein. Briefly, we set up a divergence-free turbulent
magnetic field on a uniform grid with a Kolmogorov spectrum which is isotropic in the
three spatial directions. The average magnetic field strength is scaled to be proportional to
the square root of the thermal pressure such that β = Pth/PB is constant, with an initial
value of β = 100 everywhere. The magnetic field components are then interpolated from
this grid onto the cells in the simulation.

2.2. Simulation of Jets and Cosmic Rays

For simulating the effects of AGN in the simulations we use the method of [30].
This method injects a bi-directional jet from a BH particle located at the cluster potential
minimum, which is kinetically dominated, low density, and collimated. Kinetic, thermal,
and magnetic energy is injected into two small spherical regions a few kpc from the location
of a black hole particle. The material injected by the jet is marked by a passive tracer field
Xjet and is advected along with the fluid for the rest of the simulation.

In each simulation, the jets are fired with a luminosity Ljet = 3.169× 1045 erg s−1

for a duration of tjet = 100 Myr, so the resulting total energy injected is Ejet = 1061 erg
in each direction, which is a sum of kinetic, thermal, and magnetic energy. In the jet
region, the magnetic and thermal pressures are equal (βjet = Pth/PB = 1), and the injected
magnetic field is purely toroidal. As in Z21, we fire the jet once and follow the subsequent
evolution of the material it injects into the ICM.

In Z21, the jet was comprised purely of thermal gas and magnetic energy, and the
only marker for the material injected by the jet was the passive tracer field Xjet. In this
work, we improve upon the physical description of the jet material by following [31,32] in
treating the CRs as a secondary fluid with γCR = 4/3. We set the CR and thermal pressures
in the jet to be equal (βCR,jet = Pth/PCR = 1), so that the total pressure in the jet is equal
parts from thermal plasma, CRs, and magnetic fields. We emulate a simple model of CR
acceleration by internal shocks within the jet [33] by maintaining βCR,jet = 1 for tacc = 2tjet

within cells which have Xjet > 10−3.
CR diffusion and streaming is emulated via a combination of diffusion and Alfvén

losses [34]. The CR energy density εCR is advected with the gas and anisotropically diffuses
along the magnetic field lines, with a constant diffusion coefficient κ‖ along the local
magnetic field direction and κ⊥ = 0 perpendicular to it [35]. For more details of the CR
algorithms used here, see [32] and references therein. We compare three models: (1) the
original model of Z21 without CRs, (2) the same cluster and AGN setup but with purely
advective CRs (without diffusion), and (3) a model with a realistic CR diffusion coefficient
in the ICM of κ‖ = 1029 cm2 s−1. The cross-field diffusion is significantly smaller in
comparison to diffusion along the magnetic field (e.g., [36]) and thus our numerical cross-
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field diffusion of cosmic rays likely dominates over the physical transport in the direction
perpendicular to the magnetic field [35]. We demonstrate that the resulting cosmic ray
distribution is mainly shaped by advective cosmic ray transport as a result of the sloshing
ICM over diffusive transport along the magnetic field or our assumed diffusion coefficient
of 1029 cm2 s−1, which is motivated by the cosmic ray streaming picture [32].

In model 3, The effective diffusion velocity across a CR gradient length of
LCR = εCR/∇εCR = 3 kpc is vdiff ∼ κ‖/LCR ∼ 100 km s−1. Thus, CRs are expected to fill a
significant volume of the cluster core. However, the sloshing front is expected to stretch the
magnetic field lines and approximately align them with the equipotential surfaces. The CR
gradient length along the magnetic field lines increases substantially so that the diffusion
velocity decreases and thereby confines CRs within the sloshing front.

3. Results

Here we present the results of the “Merger1”/jet simulations from Z21 with jets
oriented along the x-axis of the simulation box with additional CR physics included. These
are shown in Figures 1 and 2. The simulation epoch τ of the quantity plotted in each
row increases from left to right, with τ = 0 corresponding to the moment of jet injection.
Figure 1 shows slices through the gas density from one of the simulations, showing the
initial injection of the bubbles and their subsequent mixing into the ICM, followed by
the continuation of the sloshing motions. The top row in Figure 2 shows the gradient
magnitude of the projected X-ray surface brightness (SB) along the z-axis of the simulation
box (from the simulation without CR physics, though the differences in the simulations are
negligible in terms of the effect on the sloshing gas), to serve as a visual aid to locate the
position of the cold fronts and the sloshing motions which are advecting the CRs.

The following rows of panels in Figure 2 shows the mass-weighted projected passive
tracer field Xjet along the z-axis, which is common to all simulations. The second row
shows projected jet material in the original simulation from Z21, without CRs included in
the jets. The jet-injected bubbles rise, and as their material is mixed with the surrounding
ICM, it follows the sloshing gas motions. The inner region bounded by the cold fronts
is filled with material originally injected by the jet, and a ∼Mpc-long strip of jet material
appears at large radius by τ ∼ 4.0 Gyr (rightmost panels of Figure 2), to the NW of the
cluster core.

The third row shows projected jet material in the simulation where only the CR
component has been added to the original simulation of Z21, without any additional
physics. Here, the distribution of projected jet material looks qualitatively similar to the
original simulation for the first τ = 1.5 Gyr, but after this it is obvious that the bubble to
the W has not risen to the same height, and is unable to get caught up in the bulk motions
to the N/NW to get stretched into a large filament.

The fourth row of Figure 2 shows the simulation where diffusion and Alfvén losses
for the CRs have been turned on. These look qualitatively very similar to the simulation
with purely advective CRs (model 2), but the smoothing out of CR gradients by diffusion
has had a noticeable effect on the distribution of jet material which closely tracks the CRs
in this simulation.
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Figure 1. Slices through the cluster center of the gas density of the “Merger1”/jet simulation from Z21 with the jets oriented
along the x-axis. Several epochs are shown with time τ measured from the moment of jet injection.
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Figure 2. Projections along the z-axis of the “Merger1”/jet simulation from Z21 with the jets oriented along the x-axis
for varying CR physics. Several epochs are shown with time τ measured from the moment of jet injection. The top row
shows the X-ray SB gradient magnitude. The second row shows the mass-weighted passive tracer Xjet from the original Z21
simulation, without additional CR physics. The third row shows the same simulation, now with the CRs included, but these
are only advected with the fluid. The fourth row shows the same simulation as in the third, but in this case diffusion and
Alfvén losses are included.

Figure 3 shows the projected CR energy density in the same simulations. Overall,
the projected CR distribution matches the jet tracer field distribution. However, these maps
more clearly show the effect of diffusion and Alfvén losses; when diffusion and cooling are
present, the CR distribution is smoother, with a less irregular appearance than in the case
with no cooling or diffusion, which merely support advective CR transport. Alfvén losses
have reduced the CR energy density by roughly an order of magnitude. Diffusion weakens
the gradients along a magnetic field line while Alfvén losses dissipate CR energy at a rate
|vA ·∇ PCR| (where vA denotes the Alfvén velocity) and thus sharpens the CR gradients.
As a result, CR gradients are maintained along filamentary magnetic field lines at the edges
of our CR distribution towards the outer cluster regions. This effectively precludes the
formation of such long filamentary features in the CR energy density. On the opposite side,
within the core spiral structure, CR diffusion homogenizes the CR energy density, softens
CR gradients, and thus minimizes Alfvén losses.
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Figure 3. Projected CR energy density along the z-axis in the same simulations with jets fired in the x-direction, for the two
simulations with CRs included, with and without the effects of diffusion and Alfvén losses. Several epochs are shown with
time τ measured from the moment of jet injection.

In Figure 4 we show the projected CR energy density along the z-axis of the simula-
tions with CRs at τ = 3.5 Gyr, with plane-of-sky projected magnetic field vectors overlaid.
The projected magnetic field has been weighted by a factor B2εCR, which will be approxi-
mately proportional to radio emission from secondary CR electrons that are produced in
hadronic CR interactions with the ambient ICM emissivity I(ν) ∝ ν−α with α = 1. In Z21,
elongated regions of enhanced CR distribution were associated with magnetic field lines
which are largely aligned lengthwise along these features, which naturally arise due to
the fact that the same motions which spread the CRs out over long distances stretch and
amplify the magnetic field along the same direction. While this is also generally true in the
simulations presented here with CRs, we note that in the case with cooling and diffusion
(right panel of Figure 4), the degree of alignment between the field line direction and the
long axis of the filamentary features appears somewhat degraded in those features which
are left, especially for the one ∼300 kpc north of the cluster center, indicating that these
processes have altered the distribution of CRs such that the ones that remain are no longer
in regions where the magnetic field is tangentially aligned as seen in the projection.
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Figure 4. Projected CR energy density and plane-of-sky magnetic field vectors for the same simulations. The magnetic field
vectors are weighted proportional to B2εCR.
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4. Discussion and Conclusions

Z21 showed that merger-driven motions in the ICM could advect material injected by
AGN jets to large radii and produce Mpc-scale thin filaments of jet material, which were
posited to explain the appearance of radio relics that are not explained by the simple model
of a merger shock overunning a region uniformly filled with CRe in the cluster outskirts.
Under this hypothesis, the appearance of these relics emerges due to the spatial distribution
of the CRe themselves as determined by the ICM motions which transported and stretched
them across large distances. We have shown in this work that for a more realistic model of
CRs in the simulation, whether or not we include the effects of CR diffusion and Alfvén
losses, filamentary features become less prominent, and are unable to reach the same large
radii that they were in the absence of the additional CR physics.

What accounts for this difference? One obvious source of this behavior is the difference
in adiabatic index between a bubble which is filled with thermal gas and a bubble with an
energy density which is half CRs. The reduced pressure can destabilize the rising bubble.
The CR acceleration process itself may also effect the stability of the jet. CRs have a slower
cooling time in comparison to the thermal gas in the center of cool cores so that they can
prevent runaway thermal cooling and locally provide thermal stability [37], although gas
in collisional ionization equilibrium can become unstable for certain conditions [38]. All of
these issues will be examined in more detail in future simulations of jets combined with
merger-driven gas motions.

For the simulation with CR streaming, Alfvén wave losses will also preclude the
formation of extended filaments by dissipating the CR energy density. The formation of
filaments also necessarily depends on the precise details of the cluster “weather” that a
given bubble is encountering. A wider parameter space of jet axes, jet energies, and cluster
gas motion characteristics is necessary to determine if the hypothesis suggested by Z21
regard a possible origin for radio relics holds up under the assumption of more realistic
models for CR dynamics.

Our simulations have also only included one jet phase of the central AGN. In reality,
the CR distribution in a cool-core cluster will be the superposition of many such injections,
which will have been transported around the core region by gas motions in different stages.
Future work should include a self-consistent feedback model which is fed by gas which
is radiative cooling to determine what the expected long-term distribution of CRs in a
sloshing cool core would be. We also observe that diffusion appears to isotropize the CRs
confined within the core region (right panels of Figures 3 and 4), suggesting that this may
provide an explanation for the existence of radio mini-halos in some clusters via emission
from secondary electrons [6,7].
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